Serotonin initiates various rhythmic behaviors in vertebrates. Previously, we have shown 48 that serotonergic neurons innervate the central vocal pathway in the African clawed frog 49 (Xenopus laevis). We also discovered that exogenous serotonin applied to isolated brains in vitro 50 activates fictive vocalizations by activating 5-HT 2C -like receptors. In this study we examined the 51 location of 5-HT 2C -like receptors and determined whether endogenously released serotonin also 52 initiates vocalizations by activating 5-HT 2C -like receptors in male Xenopus brains. To this end, 53 we first identified the specific location of 5-HT 2C -like receptors, using immunohistochemistry. 54
Many behaviors such as locomotion and vocalization are episodic. Initiation of episodic 67 behavior with appropriate timing is important for the survival of an animal. Although it has been 68 difficult to identify the cascade of reactions from sensory input to motor output in these more 69 initiated via activation of these receptors from endogenous serotonin sources. In this study, we 93 first identified the specific location of the 5-HT 2C -like receptors that mediate the vocal initiation 94 using immunohistochemical and pharmacological techniques. We then determined the role of 95 endogenous serotonin in initiating fictive vocalizations and the identity of the receptors involved. 96
We conclude that endogenous serotonin initiates fictive vocalizations by activating 5-HT 2C -like 97 receptors in the brainstem vocal nuclei. 98 99 Methods 100
Western Blot 101
To explore the identity of the immunopositive protein in our immunohistochemical study, 102 2 male brains were used for Western blotting procedures. For whole brain extract, protein was 103 obtained by homogenizing two male Xenopus brains in sample buffer (2% SDS/10% 104 glycerol/0.01% bromophenol blue/10% 2-mercaptoethanol/60 mM Tris, pH 6.8) followed by 105 sonication. After centrifuging for 15 min, the supernatant was collected and diluted 1:1 with 106 sample buffer. Equal amounts of protein were separated on a 10% SDS/PAGE gel, transferred to 107 a nitrocellulose membrane followed by Western blotting procedure with a 1:500 dilution of 108 rabbit polyclonal 5-HT 2C receptor antibody raised against the carboxyl-terminus of the human 5-109 HT 2C receptor (ab32172; AbCam, Cambridge, MA) and 1:1,000 dilution of an HRP-labeled anti-110 rabbit antibody (Jackson Laboratories) followed by detection using a chemiluminescent HRP 111 substrate (PicoStable, ThermoScientific). Positive control was collected from rat tissue culture 112 cortical cells and rat brain extract, while negative control was collected from Xenopus stomach. 113
All controls were prepared in the same manner as above. Actin staining was used as a loading 114 control and to confirm the presence of protein in all lanes. 115 5
5-HT 2C -like receptor immunohistochemistry 116
Three males (7.0 cm +/-0.6, 41.7 g +/-12.6) and 3 females (9.1 cm +/-0.3, 74.4 g +/-8.0) 117 were perfused transcardially with 30 ml of 0.1M phosphate buffer (PB; pH 7.4) followed by 30 118 ml of 4% paraformaldehyde (PFA) in PB. The brain of each animal was rapidly removed and 119 postfixed in 4% PFA for up to 2 hours. Brains were embedded in O.C.T. compound (Tissue-Tek), 120 frozen at -80 °C, then sectioned in the horizontal plane at 20µm on a cryostat. Tissue sections 121 were mounted directly onto slides and were then processed for immunohistochemistry. 122
All sections were washed in PB prior to incubation in 3 % H 2 O 2 /PB. Sections were 123 incubated in blocking buffer composed of 0.1 % Triton-X/PB and 5 % Normal Goat Serum 124 (Sigma, St. Louis, MO) for 30 min. Primary antibody was prepared just before incubation. 125
The antibody used in these studies was designed from a synthetic peptide derived from 126 within residues 400 to the C-terminus of the human 5-HT 2C receptor. A BLAST search showed 127 that this peptide shared 68% homology with the terminal amino acid sequence of the 5-HT 2C 128 receptor of X. laevis. The BLAST search also revealed no significant similarities between the 129 immunizing peptide and the X. tropicalis 5-HT 2B receptor sequence or the X. tropicalis 5-HT 2A 130 receptor sequence, nor were there any other X. laevis peptides that showed sequence similarities 131 according to manufacturer's instructions) for 1 hour. Sections were then washed and incubated in 139 3'-3' diaminobenzidine (DAB/Ni) reagent, prepared according to manufacturer's directions 140 (Vector Labs). All sections were allowed to incubate in DAB/Ni for approximately 7 minutes. 141
Slides were then rinsed and allowed to dry completely before coverslipping with Permount 142 (Fisher Scientific, Pittsburgh, PA). Adjacent sections from the same brains were used as control 143 tissue. This tissue was treated the same as antibody-treated tissue except that the tissue was 144 incubated with primary antibody that had been pre-adsorbed with the immunizing peptide 145 
Whole-brain preparation 154
Sexually mature Xenopus males (n = 24; 35.8 g +/-3.7; 6.95 cm +/-0.3) and females (n = 155 2; 72.4 g +/-10.0; 8.8 cm +/-0.6) were purchased from Nasco (Fort Atkinson, WI). The animals 156 were kept in glass aquaria on a 12:12 light: dark cycle at room temperature. All experimental 7 continually superfused with fresh oxygenated saline (150 ml/hr) and allowed to return to room 164 temperature (~22 °C) during the following hour. 165
166
In vitro nerve recordings 167
Methods of recording the population activity of motor nucleus IX-X were described 168 previously (Rhodes et al., 2007) . Briefly, a suction electrode was placed on the most caudal 169 rootlet of nerve IX-X to record compound action potentials (CAPs); this nerve rootlet contains 170 the axons of the laryngeal and glottal motoneurons (Simpson et al., 1986) . The recorded signal 171 was amplified 1000x (A-M Systems differential amplifier 1700), high-pass filtered (1 Hz), 172 digitized at 10 kHz (Digidata 1322A, Molecular Devices, Sunnyvale, CA) and recorded on a PC 173 using AxoScope software (Axon Instruments, Inc.). All recordings were made at room 174 temperature (~22 °C). Application of DMSO (20 μl) alone to isolated whole brains had no effect on the ability of 185 serotonin to initiate fictive vocalizations (data not shown). Serotonin used in this study was made 186 fresh as a stock solution on the day of use and was kept on ice until its final dilution in 187 oxygenated saline at room temperature. MK-212, DOI, Ro 60-0175, Citalopram and RS102221 188 were made as stock solutions and kept at 4 °C until final dilution in oxygenated saline. 189
190

Application of pharmacological agents 191
While recordings were made from the laryngeal nerve of the isolated brain, 5-HT was 192 applied by replacing half the saline in the recording chamber (20 ml) with 60 µM 5-HT dissolved 193 in oxygenated saline to achieve a final concentration of 30 µM. 5-HT application took 5-10 194 seconds, after which 5-HT remained in the recording chamber for 5 minutes; during this time 195 superfusion of saline was suspended. 5-HT 2C receptor agonists (MK-212, Ro 60-0175, and DOI) 196
were bath-applied to isolated whole brain preparations in the same manner as 5-HT and were 197 allowed to incubate on the preparation for up to 15 minutes during which superfusion was also 198 suspended. To wash all drugs out of the bath after the treatment period, saline superfusion was 199 reinstated at a high rate (10-20 ml per minute) for 5-10 minutes, which is sufficient to completely 200 exchange the solution in the recording chamber several times. All brains were continually 201 superfused with oxygenated saline (100-150 ml/hr) for 1 hour between repeated applications of 202 5-HT or 5-HT 2C receptor agonist. Citalopram (30 μM) was also applied to the bath in the same 203 way as 5-HT, with the exception that it remained in the recording chamber for 30 minutes 204 (during this time, superfusion was suspended). In experiments where the 5-HT 2C receptor 205 antagonist was used to block Citalopram-induced fictive vocalizations, Citalopram was first 206 bath-applied to the isolated brain (30 min), which was then immediately followed by 207 administration of oxygenated saline containing RS102221 (50 μM) and Citalopram (30 μM) for 208 15 minutes. This time period has previously been demonstrated to be effective for 5-HT 2C 209 9 receptor antagonist blockade of 5-HT-induced fictive vocalizations (Yu and Yamaguchi 2009). 210
Immediately after antagonist application, the perfusion (containing 5-HT 2C receptor antagonist 211 and Citalopram) was reinstated at the rate of ~ 100 ml/hr for the following hour while the 212 laryngeal nerve activity was recorded. Control experiments were performed in the same way 213 except vehicle (DMSO) replaced the antagonist (RS102221). All final concentrations of drugs 214 used in this study are well within the concentration ranges used for other in vitro intact 215 preparations (Katz and Frost 1995; Calvino et al., 2005) . 216 217
In vitro transection experiments 218
To determine the location of 5-HT 2C -like receptors that mediate initiation of fictive 219 vocalizations, transection experiments were carried out using the isolated whole brain 220 preparation. Iridectomy scissors were used to perform each transection under a Leica stereoscope 221 (Model Mz75). All brains were superfused by oxygenated saline for at least 30 minutes after the 222 transection prior to application of agonists. If the 5-HT 2C receptor agonist activated fictive 223 vocalizations in the transected brain, then we concluded that the receptors expressed in the 224 remaining tissue are sufficient to activate vocalizations. After the experiment, the transected 225 brains were fixed in 4 % paraformaldehyde, sectioned at 50 μm using a Vibratome® (Series 226 1000), and were Nissl stained to confirm the accuracy of transections. An Olympus microscope 227 (Model BX41) was used to observe Nissl stained tissue to confirm the accuracy of transections. 228 229
Analyses of fictive calls for transected brains 230
In this study, we focused on the initiation of vocal behavior. In males, advertisement calls 231 are the most common and best studied vocalization, while in females, release calls (sometimes 232 called ticking) are the most common vocalizations. In vivo, advertisement calls are produced 233 exclusively by males, while ticking is produced occasionally by males but mostly by females 234 . Similarly upon bath application of serotonin, fictive advertisement calls are 235 elicited only from male brains whereas fictive ticking can be evoked occasionally from male (~ 236 30 % of male brains showed 5-HT-induced fictive ticking) but mostly from female brains 237 (Rhodes et al., 2007) . 238
In these pharmacological studies, we assessed whether or not fictive vocal behavior was 239 activated in the presence of pharmacological agents. Typically, isolated Xenopus brains are silent 240 Since there is inter-and intra-individual variation in the temporal structure of fictive 249 vocalizations, we first assessed the normal range of variation in 5-HT induced fictive 250 vocalizations, and compared them to those induced by other pharmacological agents (for details, 251 see Yu and Yamaguchi 2009). To this end, 5-HT induced fictive advertisement calls and ticking 252 recorded from two male brains and two female brains were analyzed by sampling bouts of 253 advertisement calls and ticking (range 3 -10 bouts) from each male and female brain 254 respectively. Instantaneous CAP rates (reciprocal of inter-CAP interval) were measured using 255 11 Clampfit 10.0 (Axon Instruments), and frequency histograms were plotted for each animal with 256 bin size of 1 Hz (as in Rhodes et al., 2007) . The frequency histograms of males were fit well with 257 two Gaussian curves (R 2 > 0.9) with two means μ1 and μ2. These μs were used as estimates of 258 mean slow and mean fast trill rates in males, respectively. The frequency histogram of females 259 can be fit well with single Gaussian curves (R 2 > 0.9), and μs used as estimates for mean ticking 260 rate in females. In addition, maximum sustained CAP rate (calculated using a sliding window--261 i.e. by averaging ten consecutive instantaneous CAP rates and taking the maximum) was used to 262 characterize fictive vocalizations. μs and maximum sustained CAP rates were used for 263 statistical analyses to determine whether fictive vocalizations initiated in the presence of 264 pharmacological agents differ from those evoked by serotonin. To compare vocal activity induced by SSRI and serotonin, we applied a 5 min sliding 280 window to SSRI-evoked vocal traces and determined the maximum number of bouts produced 281 within any given window. This maximum value was compared to the total number of calls 282 evoked in response to serotonin within five minutes. Such adjustment was necessary because 283 SSRI, unlike serotonin, evokes fictive vocalizations slowly, and SSRI-treated brains were 284 observed for one hour, while exogenous serotonin is only administered for 5 minutes. A Mann-285 Whitney U-test was used to compare bout counts for unpaired comparisons. 286
287
Results 288
Western Blot of Xenopus 5-HT 2C -like receptors 289
To evaluate the ability of the antibody to detect 5-HT 2C -like receptors in Xenopus, we 290 compared the sequence homology of 5-HT 2C receptors between Xenopus laevis, human and rat. 291
A BLAST alignment with the reported sequences for Xenopus, human, and rat revealed 292 similarities in the region coding for the C-terminus in all three species ( Fig. 2A ). The antibody 293 used in the present experiments recognizes a 22 amino acid sequence from amino acids 400 to 294 the C-terminus of the human 5-HT 2C receptor, and showed 68% similarity to that of Xenopus 295 laevis C-terminus. An alignment of the 5-HT 2A and 5-HT 2B terminal sequences of Xenopus 296 tropicalis (a closely related species to Xenopus laevis) indicates very little sequence homology 297 with any of the 5-HT 2C receptor sequences ( Fig. 2A) . 298
To confirm the identity of immunopositive protein in Xenopus brain we performed a 299 western blot analysis on Xenopus and rat tissue extracts. Immunoblotting with Xenopus and rat 300 13 brain tissue extracts revealed a band at ~52 kDa ( Fig. 2B ), the size expected for Xenopus 5-301 HT 2C -like receptors, whereas no immunopositive band was detected in the tissue extracts of 302
Xenopus stomach. Actin served as a loading control and confirmed the presence of protein in all 303 lanes (Fig. 2C ). The CNS-specific detection of the protein is consistent with the idea that the 304 antibody specifically labeled 5-HT 2C receptors as they are known to be expressed exclusively in 305 the CNS (Hoyer et al., 2002) , and not in peripheral tissue. Furthermore, the results of the 306 negative control indicate the specificity of the antibody. Stomach tissue is known to contain high 307 levels of a closely related receptor, the 5-HT 2B receptor (Hoyer et al., 2002) . However, the 308 receptor was not detected with the 5-HT 2C receptor antibody we used. The size of the 5-HT 2C 309 receptor is conserved across the phylogeny, and falls within the range from 52.0 to 54.1 kDa in 310 vertebrates (Table 1) . Thus, our western blot results demonstrate that the antibody shows specific 311 affinity for a CNS-specific protein of a size that is comparable to 5-HT 2C -like receptor in 312
Xenopus brains. 313 314 5-HT 2C -like receptors are located in the midbrain, hindbrain, and the spinal cord 315
We first examined the distribution of 5-HT 2C -like receptors using immunohistochemical 316 methods. The results showed four distinct populations of cells that were positively stained for 5-317 HT 2C -like receptor in both male and female Xenopus (n = 3 each, male example shown). Two 318 populations were found in the brainstem (antero-medial nucleus IX-X, n.IX-Xam; Fig which also produced fictive ticking), and fictive ticking in female brains (Fig. 4B1, male; B2 , 367 female). In addition, a third isolated brainstem of a male (n = 1) responded to a broad-spectrum 368 5-HT 2 receptor agonist (α-Me-5-HT; 30 μΜ; 5 min) with fictive advertisement calls, that were 369 subsequently blocked by the 5-HT 2C receptor antagonist (RS 102221 50 μΜ; 15 min; not shown), 370
indicating that α-Me-5-HT initiates fictive vocalizations mainly through activation of 5-HT 2C -371 like receptors in the isolated brainstem. The fictive vocalizations that we did elicit from isolated 372 brainstems in response to the 5-HT 2C agonists (Ro 60-0175, MK-212, and DOI) did not differ 373 significantly from those induced by 5-HT in intact control brains (Male brains: μ1: U = -1.12, p 374 = 0.25, μ2: U = -0.78, p = 0.44; Maximum sustained CAP rate: U = -1.55, p = 0.12, number of 375 bouts: U = -0.78, p = 0.44. Female brains: μ: U = -0.78, p = 0.44; Maximum sustained CAP rate: 376 U = -1.55, p = 0.12.). For reasons that are not clear, some isolated brainstems failed to respond to 377 serotonin or 5-HT 2C receptor agonists (n = 9 males, 8 females) even though post-hoc Nissl 378 staining did not show any systematic difference in the plane of transection between successful 379 and unsuccessful tissues. One possibility is that there are some 5-HT receptors at the edge of the 380 isolated brainstem that were excluded from the failed tissues but included in the successful 381 tissues. Alternatively, the transections caused mechanical damage to the DTAM in failed tissues 382 so that activation of the receptors by 5-HT did not elicit fictive vocalizations. We consider the 383 latter to be more likely because the plane of transection was consistent in all the tissues, and the 384 plane of section is very close to DTAM, a nucleus that is critical for vocal production. 385
Therefore, we conclude that 5-HT 2C receptor agonists initiate fictive vocalizations by binding to 386 5-HT 2C -like receptors expressed in the brainstem in both sexes. 387 388
Bath application of Citalopram initiates fictive vocal behavior in isolated male brains 389
Next, we wished to determine if endogenous release of 5-HT can also initiate fictive 390 vocalizations. To address this question, we applied a selective serotonin reuptake inhibitor 391 (SSRI), Citalopram, to male brains. SSRIs such as Citalopram act to block the serotonin 392 transporter required for serotonin reuptake and recycling. Thus, serotonin is allowed to 393 accumulate in the extracellular space where it can exert its effect. Citalopram was used in this 394 study because it is highly specific for the serotonin transporter SSRIs such as fluoxetine (Calvino et al., 2005) . We first recorded untreated isolated brains to 400 demonstrate a lack of vocal behavior prior to treatment with Citalopram ( Fig. 5A ). We then 401 incubated each preparation with Citalopram for 30 min to allow the drug to penetrate the brain, 402 and to allow for sufficient accumulation of endogenous serotonin. During the following 60 min, 403 nerve activity was recorded (Fig. 5A ). Control brains were treated the same as experimental 404 brains and incubated for the same amount of time (one hour) with saline, while nerve recordings 405 were made (Fig. 5A) . 406
Under normal circumstances, isolated Xenopus brains are typically quiescent until 407 serotonin or 5-HT 2C agonists are applied (see Fig.1B ). When Citalopram (30 μΜ) was applied to 408 male brains (n = 7) for 30 minutes, six of the seven brains (86 %) initiated bouts of 409 advertisement call without any further treatment (Fig. 5B, left and 5C ). In contrast, all control 410 male brains treated with saline for 30 minutes (n = 5) failed to produce any advertisement call 411 during or after the treatment (Fig. 5B, right) . All control and experimental brains later responded 412 to exogenous serotonin with fictive advertisement calls. When the total number of call bouts 413 produced by experimental and control brains was compared, they were significantly different 414 ( Fig. 5D ; Mann-Whitney U-test; p << 0.01). Furthermore, the temporal structure of fictive 415 vocalizations elicited by Citalopram did not differ significantly from those induced by 5-HT in 416 intact control brains (Mann-Whitney U-test; μ 1 : U = 17.00, p = 0.35; μ 2 : U = 14.00, p = 0.75; 417 Maximum sustained CAP rate; U = 25.50, p = 0.95). The only difference that we can detect 418 between Citalopram and serotonin in their effectiveness in evoking fictive vocalizations was the 419 overall amount of vocal activity. When the maximum number of bouts produced in a 5 minute 420 window (see Methods) was compared to the total number of bouts evoked by serotonin in the 421 same period of time, Citalopram-treated brains produced a significantly smaller number of call 422 bouts compared to naïve control brains given 5-HT (Mann-Whitney U-test; U = 38.00, p = 0.04). 423
Taken together, we conclude that treatment with Citalopram does initiate fictive advertisement 424 calls of intact temporal morphology, although the overall vocal activity induced is less than 425 exogenously delivered 5-HT. The results indicate that endogenous serotonin is released at 426 appropriate locations within the brains of Xenopus to initiate fictive vocalizations. 427 428
5-HT 2C receptor antagonists block Citalopram-induced vocalizations in isolated male brains 429
Are Citalopram-induced fictive vocalizations also mediated by the activation of 5-HT 2C -430 like receptors? To address this question, we applied 5-HT 2C receptor antagonist to male brains 431 (n = 5) treated with Citalopram. We first recorded untreated isolated brains to establish a lack of 432 vocal behavior as above (Fig. 6A ). Then these silent brains were administered Citalopram (30 433 μΜ) for 30 min as before. After the 30 minute treatment of Citalopram the brains were 434 immediately administered a 5-HT 2C receptor antagonist RS102221 (50 μΜ, Citalopram 435 concentration remained the same) for 15 minutes, a treatment previously shown to block 5-HT-436 initiated fictive vocal behavior in all brains (Yu and Yamaguchi 2009). Then all brains were 437 recorded for one hour during which the brain was continually superfused with oxygenated saline 438 19 that contained 5-HT 2C receptor antagonist (50 μΜ) at a rate ~100ml/hr (Fig. 6A ). In control 439 experiments, five male brains initially treated with Citalopram (30 μΜ, 30 min) were 440 administered vehicle alone for 15 min (DMSO, 0.02%, while the concentration of Citalopram 441 remained the same) then vehicle was perfused into the recording chamber for one hour 442 immediately following this treatment (Fig. 6A) . In all experimental brains, Citalopram failed to 443 initiate fictive advertisement calls in the presence of 5-HT 2C receptor antagonist ( Fig. 6B right) , 444
whereas in four out of five control brains, Citalopram did initiate fictive advertisement calls 445 throughout the one hour of vehicle treatment (Fig. 6B, left and 6C) . When the 5-HT 2C receptor 446 antagonist was washed out for ten minutes from the recording chamber of the experimental 447 brains, fictive advertisement calls were recorded from these brains during the following hour, 448 presumably due to the long-lasting effect of the Citalopram that was no longer opposed by the 449 effect of the antagonist (not shown). Currently, it is not clear how long the effect of Citalopram 450 lasts in this in vitro preparation but in this study, we observed Citalopram-evoked advertisement 451 calls for up to two hours after treatment in the brains used for the above experiments (not shown). 452
Later application of serotonin induced fictive advertisement calls from all control and 453 experimental brains, indicating that the failure to induce fictive vocalizations from experimental 454 brains is not due to ill health of the tissue. When the number of call bouts produced in the 455 presence of 5-HT 2C receptor antagonist and in the presence of vehicle alone (control) were 456 compared, the control brains produced significantly larger number of calls than experimental 457 brains ( Fig. 6D ; Mann-Whitney U test, U = -2.353, p = 0.02). Interestingly, the number of bouts 458 produced by Citalopram seems to be enhanced in some male brains in the presence of DMSO 459 (compare Fig 5D and 6D) , but the effect was highly variable. Accordingly, when the maximum 460 release of serotonin into key parts of the vocal pathways, namely DTAM and n.IX-X. This is 500 possible in light of other experiments that showed serotonergic neurons in the dorsal raphe 501 nucleus can form dendro-dendritic synapses with other serotonergic neurons (Chazal and Ralston 502 1987) and it has been observed that serotonergic neurons can form synapses with other 503 serotonergic neurons in the raphe nucleus (Kapadia et al., 1985) . Such synapses, if present, can 504 provide a mechanism for controlling release of and amplification of serotonin in Xenopus. Thus, 505 activation of 5-HT 2C -like receptors in the raphe nucleus may function to amplify the serotonergic 506 signals via a positive feedback mechanism. 507 Currently we do not know what role serotonergic innervation of DTAM plays in vocal 508 production. We expect to find other serotonin receptors in DTAM since dense serotonergic 509 projections from the dorsal raphe nucleus to DTAM (Rhodes et al., 2007) between DTAM and n.IX-X, which in turn initiates vocalizations. This hypothesis is in line with 520 that previously proposed by Schmidt (1992) who proposed a two-part CPG that involves both 521 n.IX-X and DTAM for vocal production in leopard frogs (Rana pipiens). 522
It is not clear whether the somatic staining we observed represents functional receptors 523 expressed in membranes or those that are yet to be inserted into membranes at dendritic 524 terminals. Also, it is unclear whether the punctate staining we observe represents receptors 525 expressed by the local neurons (i.e. those whose cell bodies and dendritic arborization remain 526 within a nucleus) or by dendrites invading from neurons whose cell bodies lie outside of the 527 nucleus. Although further anatomical research is necessary, we believe that the most 528 parsimonious explanation for our staining pattern is that the somatic staining represents cytosolic 529 receptors that are yet to be transported, and punctuate staining represents the receptors expressed 530 by the local neurons, as has been seen in 5-HT 2A receptors (Huang and Pickel 2003) . 531
Previously we have shown that the central pattern generator (CPG) for vocalization is 532 contained in the brainstem of Xenopus (Rhodes et al., 2007) . We have also shown that the 533 activation of 5-HT 2C -like receptors is sufficient for initiating fictive vocal behavior in male and 534 female Xenopus (Yu and Yamaguchi 2009). In this study, our transection results demonstrate 535 that the primary action of 5-HT 2C receptor agonists for the initiation of vocal behavior takes 536 place in the brainstem in both sexes. The telencephalon and diencephalon, as well as the 537 midbrain and rostral spinal cord do not seem to part of the vocal CPG in Xenopus since 5-HT 2C 538 receptor agonists can still activate fictive vocal behavior after removal of these regions. It 539 remains unclear at this point if rRpd or n.IX-Xam or both play a role in the initiation of vocal 540 behavior. Because these nuclei lie in close proximity to key parts of the CPG (DTAM and n.IX-541 X) we were unable to transect these locations to ascertain the role of rRpd and n.IX-Xam in 542 initiation of vocal behavior in this study. Future work will utilize small lesions rather than 543 transections to emphasize the role of rRpd and n.IX-Xam; our study lays the groundwork for 544 these important future experiments. 545 546
Endogenous serotonin is sufficient to initiate fictive vocalizations in male brains 547
Previous results showed that endogenous serotonin is available in key vocal nuclei (n.IX-548 X and DTAM) (Rhodes et al., 2007) , and the receptors that initiate fictive vocalizations are also 549 located in the central vocal pathways. Based on these results, we hypothesized that release of 550 endogenous stores of serotonin can initiate fictive advertisement call in male brains by activating 551 5-HT 2C -like receptors in raphe nucleus, n.IX-X, or both. 552
To facilitate endogenous release of serotonin, we used a selective serotonin reuptake 553 inhibitor (SSRI), Citalopram. Citalopram is one of the most selective blockers of the serotonin 554 transporter (Owen et al., 2001), and has been used successfully to increase extracellular serotonin 555 concentrations in other physiological preparations (Calvino et al., 2005) . In the present study, 556
we showed that Citalopram significantly increases the number of fictive call bouts generated by 557 male brains. 558 Citalopram and exogenous 5-HT that we detected was that the overall vocal activity induced by 568
Citalopram was less than those evoked by exogenous 5-HT. The reduced effectiveness of 569
Citalopram may be partly due to the poor penetration of Citalopram to the target site (i.e., 570 synaptic terminals of serotonergic neurons), or to the decreased concentration of serotonin 571 available at the receptors. If we combine electrical stimulation delivered to rostral raphe nucleus 572
with Citalopram application, we may obtain vocal activity levels comparable to those induced by 573 exogenous 5-HT. Regardless of overall vocal activity level, we conclude that endogenously 574 released serotonin evokes fictive advertisement calls. 575 25 Citalopram-induced fictive vocalizations were blocked by application of a 5-HT 2C 576 receptor antagonist, indicating that fictive vocalizations activated by endogenously released 577 serotonin are also mediated by the activation of 5-HT 2C -like receptors in Xenopus. We suggest 578 that endogenous serotonin released from the neurons of dorsal raphe nucleus within the nucleus 579 itself and into n.IX-X initiate fictive vocalizations by activating 5-HT 2C -like receptors in these 580 two locations. Although the cellular response of the serotonergic target neurons is not clear, it is 581 possible that vocal neurons are excited in response to the activation of 5-HT 2C -like receptors by 582 reducing leak currents, as shown in rat respiratory system (Ptak et al., 2009 ). Based on these 583 results, we conclude that the receptor mechanism by which endogenous 5-HT and exogenous 5-584 HT exert their effect is similar. 585 586
How does endogenous serotonin initiate vocal behavior in Xenopus? 587
Based on our findings in the present study and previous work we suggest that initiation of 588 vocal behavior in vivo involves serotonergic transmission mediated by 5-HT 2C -like receptors in 589 key vocal nuclei of the Xenopus brainstem. Binding of serotonin to 5-HT 2C -like receptors in 590 n.IX-X may activate the neurons that project to DTAM (a critical part of the Xenopus vocal CPG; 591 Rhodes et al., 2007) either directly or indirectly, or decrease the threshold of the n.IX-X neurons 592 that receive inputs from DTAM neurons. Binding of serotonin to neurons in the raphe may serve 593 to amplify the serotonergic transmission so that more serotonin is released to target neurons in 594
In recent years, much research has been focused on how a particular motor behavior is 598 activated. Some research takes a top-down approach, trying to understand motor pattern selection 599 starting at the level of the basal ganglia. For example, in rats, the mesencephalic locomotor 600 region (MLR) has been implicated in the initiation of walking. Stimulation of this region 601 upstream of the walking CPG activates the walking motor program in spinal cord preparations 602 (Bem et al., 1993; Jell et al., 1985) . Likewise, electrical stimulation of the diencephalic 603 locomotor region (DLR) in lamprey initiates fictive swimming (Menard and Grillner 2008) . 604
Closely related to our work, it has been shown that rhythmic whisking behavior in rats is 605 governed by how strongly the serotonergic neurons of the parapyramidal region (PPR) are 606 stimulated (Liu and Jordan 2005) . It was demonstrated that the facial nucleus receives 607 innervation from the serotonergic neurons of the PPR and is activated by the release of 608 endogenous serotonin onto 5-HT 2 receptors (Hattox et al., 2003) . 609
The approach that we describe in this study is a bottom-up approach. By identifying the 610 types of receptors that mediate the action of serotonin for initiating behavior, and the types of 611 neurons that receive serotonergic input, we can begin to understand the mechanisms by which 612 the central pattern generator for the motor program can be turned on. 
